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abstract:  The  organophosphate  acid  anhydrolase  (OPAA)  is  a  member  of  a  class  of  bimetalloenzymes  that 
hydrolyze  a  variety  of  toxic  acetylcholinesterase-inhibiting  organophosphorus  compounds,  including  fluorine- 
containing  chemical  nerve  agents.  It  also  belongs  to  a  family  of  prolidases,  with  significant  activity  against 
various  Xaa-Pro  dipeptides.  Here  we  report  the  X-ray  structure  determination  of  the  native  OPAA  (58  kDa 
mass)  from  Alteromonas  sp.  strain  JD6.5  and  its  cocrystal  with  the  inhibitor  mipafox  [A,V'-diisopropyldiami- 
dofluorophosphate  (DDFP)],  a  close  analogue  of  the  nerve  agent  organophosphate  substrate  diisopropyl 
fluorophosphate  (DFP).  The  OPAA  structure  is  composed  of  two  domains,  amino  and  carboxy  domains,  with 
the  latter  exhibiting  a  “pita  bread”  architecture  and  harboring  the  active  site  with  the  binuclear  Mn2+  ions.  The 
native  OPAA  structure  revealed  unexpectedly  the  presence  of  a  well-defined  nonproteinaceous  density  in  the 
active  site  whose  identity  could  not  be  definitively  established  but  is  suggestive  of  a  bound  glycolate,  which  is 
isosteric  with  a  glycine  (Xaa)  product.  All  three  glycolate  oxygens  coordinate  the  two  Mn2+  atoms.  DDFP  or 
more  likely  its  hydrolysis  product,  7V,/V'-diisopropyldiamidophosphate  (DDP),  is  present  in  the  cocrystal 
structure  and  bound  by  coordinating  the  binuclear  metals  and  forming  hydrogen  bonds  and  nonpolar 
interactions  with  active  site  residues.  An  unusual  common  feature  of  the  binding  of  the  two  ligands  is  the 
involvement  of  only  one  oxygen  atom  of  the  glycolate  carboxylate  and  the  product  DDP  tetrahedral  phosphate 
in  bridging  the  two  Mn2+  ions.  Both  structures  provide  new  understanding  of  ligand  recognition  and  the 
prolidase  and  organophosphorus  hydrolase  catalytic  activities  of  OPAA. 


In  the  mid- 1940s,  the  enzymatic  nature  of  hydrolysis  and 
detoxification  of  DFP  in  various  tissues  of  rabbits  and  humans 
was  explored  (7,  2).  Twenty  years  later,  Hoskins  et  al.  identified 
two  enzymes  that  detoxify  organophosphorus  compounds,  such 
as  DFP1  [compound  I  (Scheme  1)]  and  soman  (3).  These  enzymes 
are  generally  known  as  organophosphate/organophosphorus 
hydrolases  (OPHs).  Eventually,  an  organophosphorus  acid 
anhydrolase  (OPAA,  EC  3. 1.8.2)  was  purified  from  Alteromonas 
sp.  strain  JD6.5,  a  halophilic  bacterial  isolate,  and  shown  to 
possess  enzymatic  activity  against  several  highly  toxic  organo¬ 
phosphorus  (OP)  compounds  such  as  the  neurotoxic  chemical 
warfare  agents  (CWA)  DFP,  sarin  (II),  soman,  and  tabun  (4). 
OPAA  exhibits  high  levels  of  hydrolysis  activity  against  P— F 
bonds  of  the  OPs,  but  very  minimal  activity  for  P-0  and  P— C 
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bonds  (4).  Similar  substrate  specificity  was  later  observed  for  the 
OPAA  from  Alteromonas  undina  (5)  and  Alteromonas  haloplank- 
tis  ( 6 ).  However,  mipafox  or  DDFP,  the  close  analogue  of  DFP, 
is  not  a  substrate  under  nonnal  assay  conditions  but  a  compe¬ 
titive  inhibitor  with  a  K \  of  0.49  mM  for  DFP  substrate  hydro¬ 
lysis  (4, 5).  OPPA  is  active  at  high  pH  (~8.5)  and  requires  divalent 
cations,  typically  Mn2+  {4~6). 

OPAA  has  been  considered  as  an  important  component  in  the 
development  of  an  enzyme-based  cocktail  for  decontamination 
of  highly  toxic  OP-based  CWA,  including  those  listed  above. 
Moreover,  many  pesticides  used  worldwide  to  protect  crops  and 
mammals  are  OP-based.  Several  insecticides  are  synthesized  as 
“thion”  (P=S  bond)  and  activated  by  insect  cytochrome  P450  for 
conversion  to  the  toxic  “oxon”  (P=0  bond).  (Interestingly, 
mammalian  cytochromes  convert  thion-based  insecticides  less 
efficiently  than  bacterial  and  insect  cytochromes.)  This  thion  to 
oxon  conversion  of  OP  works  as  a  safety  feature  for  mammals 
when  exposed  to  low  levels  of  such  insecticides  (7).  For  practical 
purposes,  detoxification  of  OPs  by  hydrolytic  enzymes  such  as 
OPAA  is  an  advantageous  method  for  preventive  self-deconta¬ 
mination  and  response  decontamination  (7-9). 

Organophosphate-based  CWA  exert  their  main  toxic  effect 
through  the  phosphorylation  of  the  active  site  serine  residue  of 
enzymes  such  as  acetylcholinesterase  (AChE)  and  neuropathy 
target  esterase  (NTE)  of  the  central  nervous  system  (70,  77). 
Pharmacological  studies  have  established  the  involvement  of 
NTE  in  OP-induced  delayed  neuropathy  in  humans  and  in 
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Scheme  1:  Stereochemistry  of  OPAA  Substrates  (I,  II,  and  IV), 
the  Reaction  Product  (III),  and  the  PTE  Substrate  Analogue 

or 


In  this  paper,  we  report  the  crystal  structure  analysis  of  the 
native  OPAA  from  Alteromonas  sp.  strain  JD6.5  of  a  halophilic 
bacterial  isolate  and  its  cocrystal  with  the  inhibitor  mipafox. 
Results  of  this  study  led  to  the  determination  of  the  two-domain 
structure  of  the  enzyme,  one  domain  exhibiting  the  pita  bread 
motif  and  harboring  the  active  site;  the  molecular  details  of 
the  active  site,  which  contains  a  binuclear  Mn2f  center;  the 
unexpected  revelation  of  a  nonproteinaceous  density  in  the  active 
site,  surmised  to  be  a  bound  glycolate;  the  unraveling  of  the 
molecular  nature  of  mipafox  inhibitor  binding;  a  fresh  and 
illuminating  comparison  with  the  structures  and  activities  of 
bacterial  AMPP,  primarily  a  prolidase  but  also  capable  of 
degrading  OPs,  and  phosphotriesterase,  a  well-characterized 
OPH;  and  the  uncovering  of  a  common  mechanism  for  bridging 
the  two  active  site  metal  ions  by  products  and  inhibitors.  The 
structures  serve  as  a  framework  for  protein  engineering  experi¬ 
ments  for  the  improvement  of  the  catalytic  efficiency  toward  OP 
substrates  and  stability  of  OPAA  for  decontamination  of  G-  and 
V-type  chemical  warfare  agents  and  pesticides. 


(IV)  Methyl  isopropyl  p-nitrophenyl 
phosphate  (Sp) 


(V)  DMP 


MATERIALS  AND  METHODS 


"To  correlate  with  the  stereochemistry  of  the  ligands  bound  in 
the  enzyme  structures,  the  projection  is  patterned  after  the  views 
shown  in  Figures  3A,C  and  5  for  DDP  (III)  bound  to  OPAA  and 
DMP  (V)  bound  to  PTE  as  a  common  reference.  See  also  the 
legend  of  Figure  5  for  the  description  of  the  binding  of  DMP  to 
PTE. 

animal  models  (12).  NTE,  a  150  kDa  transmembrane  protein 
that  has  a  serine  esterase  domain,  is  highly  conserved  from 
bacteria  to  mammals.  Phosphorylation  of  the  serine  esterase 
domain  by  OPs,  such  as  mipafox,  leads  to  NTE  inactivation  (13). 
The  mode  of  inhibition  of  AChE  and  NTE  by  OPs  differs  from 
that  of  OPAA.  Whereas  mipafox,  like  OPs,  covalently  attaches 
through  phosphorylation  of  an  active  site  serine  residue  of  AChE 
and  NTE,  no  similar  adduct  formation  has  been  reported  for 
DDFP-inhibited  OPAA.  Instead,  mipafox  or  DDFP  inhibition 
of  OPAA  is  reversible  and  competitive  against  the  substrate 
DFP  (4,  5). 

Although  the  natural  substrate  of  OPAA  remains  to  be 
identified,  it  also  possesses  significant  prolidase  activity,  with 
specificity  for  various  dipeptides  (Xaa-Pro)  having  proline  as  the 
second  residue  (<5, 14).  The  enzyme  is  not  capable  of  hydrolyzing 
peptides  of  three  amino  acids  with  proline  as  the  middle  residue, 
indicating  that  it  is  indeed  a  Xaa-Pro  dipeptidase  ( 6 ,  14).  In 
addition,  amino  acid  sequence  alignment  indicates  structural  and 
functional  similarities  of  OPAA  with  other  prolidases,  including 
bacterial  aminopeptidase  P  (named  AMPP  or  APPro),  proline 
dipeptidase,  and  prolidases  (6,  14,  15).  These  proteins  are 
evolutionarily  related;  all  are  bimetalloenzymes  and  break  a 
peptide  bond  between  Xaa  and  Pro  in  dipeptides  or  in  the 
amino-terminal  position  of  oligopeptides.  Although  AMPP  also 
exhibits  identical  hydrolysis  specificity,  it  prefers  polypeptide 
substrates  with  the  N-terminal  Xaa-Pro  dipeptide  (16).  Collagen, 
which  is  rich  in  proline  and  hydroxyproline,  is  digested  by  tissue 
and  bacterial  collagenase  (during  pathogenic  invasion),  and 
intracellular  prolidase  catalyzes  the  final  step  of  collagen  break¬ 
down  to  liberate  proline  for  recycling  (17).  In  humans,  prolidase 
deficiency  caused  by  mutations  in  prolidase  genes  is  linked  to  a 
rare  metabolic  disease  characterized  by  mild  to  severe  skin 
lesions.  Patients  with  prolidase  deficiency  excrete  massive 
amounts  of  imidodipeptides  in  urine  (17). 


OPAA  Purification  and  Crystallization.  OPAA  was  ori¬ 
ginally  isolated  and  characterized  from  Alteromonas  sp.  strain 
JD6.5  (4)  and  later  cloned  and  expressed  in  Escherichia  coli  (14). 
The  procedures  for  overexpression  and  purification  of  OPAA 
used  in  this  study  follow  essentially  those  described  in  a  previous 
publication  (18).  They  are  described  briefly  in  the  Supporting 
Information.  Enzyme  preparations,  which  usually  exhibit  a 
purity  of  >90%  (data  not  shown),  are  dialyzed  extensively 
against  0.1  mM  MnCE  and  10  mM  Bis-Tris  propane  (pH  8). 

Prior  to  crystallization,  the  purified  OPAA  was  dialyzed 
against  1  mM  /Tmercaptoethanol,  0.1  mM  MnCl2,  and  10  mM 
Tris-HCl  (pH  7.2)  and  concentrated  to  10  mg/mL.  Crystals  of  the 
enzyme  in  the  absence  or  presence  of  1  mM  mipafox  or  DDFP 
were  obtained  at  20  °C  by  the  hanging  drop  method,  with  the 
reservoir  filled  with  a  solution  of  16%  PEG  4000, 20  mM  MnCl2, 
1  mM  /3-mercaptoethanol,  270  mM  ammonium  acetate,  and 
60  mM  sodium  acetate  (pH  4.6).  A  typical  hanging  drop 
consisted  of  2  / iL  of  the  protein  solution  and  2  fiL  of  the  well 
solution.  Crystals  with  dimensions  of  ~0.4  mm  x  ~0.05  mm  x 
0.05  mm  were  grown  in  2-4  days.  Prior  to  diffraction  data 
collection,  crystals  were  equilibrated  in  the  reservoir  solution  and 
flash-frozen  in  a  stream  of  nitrogen  gas  cooled  at  ~100  K. 

Determination  of  the  Structure  of  Native  OPAA.  As 
indicated  in  Table  SI  of  the  Supporting  Information,  six  different 
diffraction  data  sets  were  collected  on  the  Howard  Hughes 
Medical  Institute  beamline  8.2.1  at  the  Advanced  Light  Source, 
Lawrence  Berkeley  National  Laboratory  (Berkeley,  CA).  The 
beamline  allowed  measurements  of  anomalous  dispersion  data 
from  Mn2+  (three  different  wavelengths)  and  Os  (one  wavelength). 
Since  OPAA  requires  Mn2+  for  enzyme  activity  (4, 5),  throughout 
the  purification  and  crystallization  of  the  OPAA  high  concentra¬ 
tions  of  MnCE  were  always  present  (see  also  the  methods  of  the 
Supporting  Information).  The  single  anomalous  dispersion  (SAD) 
data  set  was  collected  from  a  native  crystal  soaked  in  1  mM 
K20s04.  All  diffraction  data  sets  were  processed  and  scaled  using 
either  MOSFLM  or  HKL2000  (19, 20).  The  crystal  properties  and 
statistics  of  the  data  sets  are  listed  in  Table  SI.  The  crystals  of 
OPAA  and  its  complex  with  mipafox  are  isomorphous,  and  the 
asymmetric  unit  contains  three  OPAA  molecules  with  no  evidence 
of  a  3-fold  noncrystallographic  axis  of  symmetry. 
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Combined  multiple-wavelength  anomalous  dispersion  (MAD) 
data  from  the  Mn2+  in  the  native  OPAA  crystal  and  SAD  data  of 
the  osmate-soaked  crystal  were  used  to  obtain  initial  experimen¬ 
tal  phases  (Table  SI).  The  positions  of  16  Mn2+  atoms  and 
6  osmate  molecules  in  the  asymmetric  unit  were  determined, 
heavy  atom  parameters  refined  (figure  of  merits  listed  in 
Table  SI),  and  phases  calculated  to  3  A  resolution  (native  OPAA 
data  set)  using  the  suite  of  programs  in  CNS  (21).  The  calculated 
electron  density  map  was  solvent  flattened,  NCS  averaged,  and 
phase  extended  to  2.5  A  resolution.  The  resulting  2.5  A  electron 
density  map  was  used  to  fit  ~80%  of  the  517-residue  OPAA 
sequence  (14)  initially  to  one  (molecule  A)  of  the  three  indepen¬ 
dent  molecules  using  O  (22)  and  CHAIN  (23).  The  A  molecule 
model  was  then  superposed  on  the  electron  density  of  the  other 
two  molecules.  The  model  was  refined  in  CNS  interspersed  with 
model  building  and  inclusion  of  water  molecules.  Although  NCS 
restraints  were  applied  initially  to  all  residues  in  the  three  OPAAs 
in  the  asymmetric  unit,  they  were  removed  in  the  final  rounds  of 
refinement,  which  were  performed  at  2.3  A  resolution.  The  final 
structure  refinement  statistics  are  summarized  in  Table  SI. 

Determination  of  the  Structure  of  OPAA  Crystallized  in 
the  Presence  of  the  Inhibitor  Mipafox  or  DDFP.  Using  the 
one  diffraction  data  set  (Table  SI),  the  structure  of  OPAA 
cocrystallized  with  DDFP  was  determined  by  molecular  replace¬ 
ment  using  the  coordinates  of  the  native  structure  stripped  of  all 
nonprotein  atoms  and  then  refined  to  convergence  at  2.7  A.  We 
later  considered  that  the  bound  ligand  is  the  reaction  product 
DDP;  hence,  a  second  round  of  refinement  was  carried  out 
wherein  the  F  atom  of  DDFP  was  replaced  with  an  0  atom  to 
make  the  conversion  to  DDP.  For  reasons  described  in  Results 
and  Discussion,  we  favor  an  interpretation  in  which  DDP  is  the 
bound  species. 

Deposition  of  Coordinates  and  Structure  Factors.  The 
coordinates  and  structure  factors  for  the  native  OPAA  and  its 
complex  with  DDP  (Table  SI )  have  been  deposited  in  the  Protein 
Data  Bank  (PDB)  (entries  3L24  and  3L7G,  respectively). 

Software  Programs  and  Packages.  For  structure  refine¬ 
ment  and  analyses,  we  used  the  suites  of  programs  in  CNS  (21). 
The  DALI  server,  a  network  server  (http://www.ebi.ac.uk/dali/), 
was  used  for  comparing  the  OPAA  structure  with  similar  protein 
structures  available  in  the  PDB.  The  conformational  accuracy  of 
both  OPAA  structures  was  assessed  by  PROCHECK  (24). 
MOLSCRIPT  and  LIGPLOT  were  used  to  create  molecular 
figures  (25,  26). 

OPAA  Enzymatic  Assays.  To  determine  the  effects  of 
potential  inhibitors  or  compounds  on  the  enzymatic  activities 
of  OPAA,  three  different  assays  (described  in  the  Supporting 
Information)  using  different  substrates  were  performed.  The 
substrates  are  DFP  (Sigma-Aldrich),  Gly-Pro  (Sigma-Aldrich), 
and  /Miitrophenyl  soman  (O-pinacolyl  /Miitrophenyl  methyl- 
phosphonate),  and  the  potential  inhibitors  include  acetate, 
glycine,  and  glycolate  at  concentrations  of  10  mM.  The 
OPAA  preparation  used  in  these  assays  was,  as  indicated 
above,  extensively  dialyzed  against  a  buffer  that  contained  no 
/5-mercaptoethanol. 

RESULTS 

Structure  Determination.  The  structure  of  the  native  OPAA 
was  the  first  to  be  determined  by  combined  MAD  and  SAD 
techniques  (Table  SI).  The  refined  structure  was  then  used  to 
determine  the  structure  of  the  isomorphous  enzyme  crystal 


obtained  in  the  presence  of  mipafox  or  DDFP  (see  Materials 
and  Methods).  The  same  complex  structure  but  with  DDP  (III)  in 
place  of  DDFP  was  also  refined,  and  for  reasons  discussed  below, 
it  is  the  structure  described  here.  The  structure  of  the  native 
OPAA  was  refined  at  2.3  A  resolution  and  that  with  bound 
DDP  at  2.7  A  resolution  to  Rwork  values  of  23.5  and  20.3%  and 
Rfree  values  of  27.3  and  26.0%,  respectively,  and  good  geometry 
(Table  SI). 

The  OPAA  structure  consists  of  three  molecules  (identified  as 
A,  B,  and  C)  in  the  asymmetric  unit,  with  no  local  3-fold  rotation 
axis  of  symmetry  in  a  self-rotation  calculation  and  no  significant 
and  uniform  total  buried  surfaces  between  pairs  of  them  (from 
8 10  A2  for  the  A-B  pair  to  490  A2  for  the  A-C  pair).  These  buried 
surfaces  are  considerably  lower  (~3— 5  times)  than  those  ob¬ 
served  for  bona  fide  or  obligate  dimer  or  oligomer  or  crystal 
packing  interfaces  of  nonspecific  protein- protein  contacts  (27). 

Since  OPAA  purified  from  three  different  bacterial  sources 
(natural  bacterial  cells  and  recombinant  forms)  is  apparently 
a  monomer  in  solution  ( 4— 6 ),  the  finding  of  three  indepen¬ 
dent  molecules  in  the  crystal  structure  has  no  structural  or 
functional  significance.  The  presence  of  three  independent 
molecules  is,  however,  most  invaluable  for  providing  a  multi¬ 
plicity  of  data  for  the  analysis  of  the  structure  and  function  of 
OPAA  that  follows. 

Our  structure  analysis  has  also  revealed  that  Ala439  of  the 
published  sequence  of  the  Alteromonas  sp.  strain  JD6.5 
OPAA  (14)  is  a  leucine  residue  (see  results  and  Figure  SI  of  the 
Supporting  Information). 

OPAA  Structure.  Of  the  total  517  residues  of  OPAA  from 
Alteromonas  sp.  strain  JD6.5  (14),  only  the  first  440  residues 
could  be  fitted  to  the  electron  density  of  the  three  independent 
molecules  in  the  asymmetric  unit  of  the  two  OPAA  structures. 
The  remaining  invisible  77-residue  segment  could  only  be  attribu¬ 
ted  to  high  flexibility,  since  two  independent  mass  spectrometric 
measurements,  one  for  the  dissolved  crystals  and  another  for  the 
purified  enzyme,  indicated  a  mass  consistent  with  the  full-length 
protein  (data  not  shown).  In  the  crystal  structures,  there  is  a  space 
close  to  the  last  observed  residue  in  all  three  independent 
molecules  that  could  possibly  accommodate  the  last  unresolved 
77  residues.  Coincidentally,  the  amino  acid  sequences  of  OPAA 
from  A.  haloplanktis  consist  of  only  440  amino  acids,  being 
~80%  identical  to  the  sequence  of  the  first  440-residue  segment 
of  the  Alteromonas  sp.  strain  JD6.5  enzyme  (6).  OPAA  from 
A.  undica  also  has  a  mass  very  similar  to  the  mass  of  that  from 
A.  haloplanktis  (5,  6).  Deletion  of  the  last  77  residues  of  OPAA 
caused  no  effect  on  enzyme  activity  (data  not  shown).  Another 
much  shorter  disordered  segment  occurs  in  approximately  similar 
locations  in  the  three  structures,  residues  351-365  in  molecule 
A  (Figure  1A,B),  residues  346-368  in  molecule  B,  and  residues 
346-368  in  molecule  C. 

The  OPAA  structure  is  composed  of  two  domains  (Figure  1  A, 
B),  a  small  N-terminal  domain  or  N-domain  (from  residue  1  to 
~160)  and  a  large  C-terminal  domain  or  C-domain  (residues 
~  161  -440).  Although  both  domains  of  OPAA  consist  of  mixed 
[3-  sheets  with  an  almost  equal  number  of  /5-strands  (six  and  five  in 
the  N-  and  C-domains,  respectively),  they  differ  in  overall 
topology  and  shape.  In  the  /5-sheet  of  the  N-domain,  the  central 
pair  of  strands  (1  and  2)  is  antiparallel,  while  the  flanking  pairs 
of  strands  (3  and  4,  and  5  and  6)  are  parallel.  In  contrast,  all  five 
/5-sheet  strands  (7-11)  in  the  C-domain  are  antiparallel.  The 
/5-sheet  in  the  N-domain  is  twisted,  whereas  that  in  the  C-domain 
is  strongly  curved,  much  like  a  “pita  bread”  first  ascribed  to  the 
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Figure  1:  OPAA  structure.  (A)  Stereo  diagram  oftheCa  backbone  trace  of  the  native  OP  AA  (molecule  A).  With  the  exception  of  three  residues, 
every  20th  Ca  atom  is  marked  by  a  solid  black  sphere  and  the  residue  number.  The  two  Mn2+  atoms  are  shown  as  yellow  spheres,  and  the  bound 
putative  glycolate  is  depicted  as  a  ball-and-stick  model.  The  color  scheme  for  atoms  used  in  this  and  all  other  figures  for  OPAA  is  as  follows:  yellow 
for  Mn2+,  black  for  C,  blue  for  N,  and  red  for  O.  The  locations  of  residues  W59,  C222,  and  L439  are  identified  with  red  Ca  spheres  and  residue 
labels.  W59  and  C222  are  the  tryptophan  and  cysteine  residues  closest  to  the  bimetallic  center.  Residues  351—365  are  invisible  or  disordered.  (B) 
Ribbon  backbone  trace  color  ramped  from  the  N-  to  C-terminal  ends.  The  a-helices  are  identified  with  letters,  and  the  /3-sheet  strands  are 
numbered. 


Figure  2:  Stereoview  of  the  binuclear  Mn2+  center  and  the  bound  putative  glycolate  molecule.  Ball-and-stick  model  of  OPAA  active  site  residues 
(yellow  bonds)  that  are  involved  in  the  coordination  of  the  two  metal  ions  (yellow  spheres)  and  in  the  interaction  with  the  glycolate  molecule  (green 
bonds).  Metal  coordinations  are  shown  as  green  dashed  lines,  while  hydrogen  bonds  and  other  contacts  with  the  glycolate  are  shown  as  red  dashed 
lines.  Note  that  the  hydroxyl  group  of  Tyr212  makes  a  bifurcated  hydrogen  bonds  with  the  carboxylate  side  chains  of  Asp244  and  Asp255. 


architecture  of  a  similar  domain  in  the  E.  coli  methionine 
aminopeptidase  (MetAP)  structure  (28).  The  contents  and  topo¬ 
logical  arrangements  of  a-helices  in  the  two  domains  also  differ. 
The  N-domain  contains  four  helices,  one  pair  (A  and  B)  flanking 
one  side  of  the  /3-sheet  and  the  second  pair  (C  and  D)  contacting 
the  other  side.  In  contrast,  the  pita  bread  C-domain  contains 
almost  2  times  more  helices,  with  four  long  helices,  arranged 
topologically  in  the  order  FEHI,  fronting  one  face  (the  outer 
convex)  of  the  /3-sheet.  The  three  remaining,  relatively  shorter 
helices  (JKL)  form  a  cluster  on  the  outermost  part  of  the  domain, 
near  the  N-terminus  of  helix  I.  The  C-domain  harbors  the 
catalytic  center,  located  in  an  oval  shallow  cavity  on  the  concave 
surface  of  the  highly  curved  /3-sheet. 

Binuclear  Mn2+  Cluster  and  a  Nonproteinaceous  Den¬ 
sity  in  the  Active  Site  of  Native  OPAA  Structure.  The  two 
Mn2+  atoms  [identified  as  MnA  and  MnB  (Figure  2  and  Figure 
S2A  of  the  Supporting  Information)]  are  separated  by  3.3  ±  0. 1 A 
(average  of  distances  in  the  three  independent  molecules).  This 
demonstration  of  the  presence  of  the  two  metal  ions  not  only 
provides  the  most  conclusive  direct  evidence  of  the  observation  of 


metal  cation  requirement  for  OPAA  activity  but  also  establishes 
the  location  of  the  catalytic  center  (Figure  1  A,B).  It  is  noteworthy 
that  MnA  is  more  solvent-exposed  while  MnB  is  more  buried. 

As  shown  in  Figure  2  and  Table  1 ,  eight  side  chain  O  and  N 
atoms  from  five  residues  (Asp244,  Asp255,  His336,  Glu381,  and 
Glu420)  deployed  by  different  /3-sheet  strands  of  the  C-domain 
are  engaged  in  coordination  of  the  two  Mn2+  ions.  One  metal 
atom  (MnA)  is  coordinated  by  a  monodentate  carboxylate  group 
(Glu381)  and  His336.  The  other  metal  (MnB)  is  ligated  by 
a  bidentatate  carboxylate  group  of  Asp244.  On  the  other 
hand,  both  carboxylate  oxygens  of  Asp255  and  Glu420  act  as 
nearly  symmetrical  bidentate  bridges  between  the  two  metal 
cations.  Interestingly,  all  the  oxygens  of  the  carboxylate  side 
chains  coordinate  the  Mn2+  ions  in  the  more  favorable  syn 
configuration  (29). 

The  structures  of  ligand-free  enzymes  with  binuclear  metal 
active  sites  usually  show  a  hydroxide  ion  or  water  molecule 
bridging  the  two  metal  cations  (30).  However,  a  bridging  hydro¬ 
xide  or  water  is  not  present  in  the  active  site  of  the  native  OPAA 
structure.  Electron  density  maps  generated  using  experimental 
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Table  1:  Coordination  Distances  of  the  Binuclear  Mn2+ 

in  the  OPAA  Structures  with  Bound  Putative  Glycolate  and  DDP" 

OPAA  and  glycolate  atom 

MnA2+  (MnA)* 

MnB2+  (MnB)* 

OPAA  and  DDP  atom 

MnA2+  (MnA)* 

MnB2+  (MnB)* 

Asp244  OD1 

2.4(0. 1) 

Asp244  OD1 

2.3  (0.1) 

Asp244  OD2 

2.4(0. 1) 

Asp244  OD2 

2.4  (0.0) 

Asp255  OD1 

2.0  (0.0) 

Asp255  OD1 

2.1  (0.1) 

Asp255  OD2 

2.0(0. 1) 

Asp255  OD2 

2.1  (0.1) 

His336  NE2 

2.4(0. 1) 

His336  NE2 

2.2  (0.1) 

Glu381  OE2 

2.2  (0.2) 

Glu381  OE2 

2.1  (0.1) 

Glu420  OE1 

2.3  (0.0) 

Glu420  OE1 

2.1  (0.1) 

Glu420  OE2 

2. 2(0.1) 

Glu420  OE2 

2.1 (0.1) 

glycolate  OT1 

2.5  (0.1)" 

2.1 (0.1) 

DDPOl 

1. 8(0.1) 

2.2 (0. 1) 

glycolate  OT2 

2.6  (0.1)'' 

DDP  02 

3.2 (0.1)" 

glycolate  OH 

2.6(0.!)" 

DDPN1 

2.9(0.!)" 

"Average  of  values  from  the  three  independent  OPAA  molecules.  *The  A  and  B  designations  of  the  two  Mn:+  metals  in  OPAA  were  patterned  after  those  in 
AMPP  structures  (e.g.,  see  ref  38).  This  was  prompted  by  the  finding  that  OPAA  and  AMPP  have  very  similar  structures  (discussed  in  the  text).  ‘The 
coordinating  distance  is  relatively  longer  than  those  formed  with  ligating  residues.  A  recent  survey  of  distances  around  metal  sites  in  high-resolution  (<  1 .25  A) 
protein  structures  indicated  that  the  coordination  distances  of  Mn2+  with  the  same  two  sets  of  atoms  of  carboxylate  O  and  His  N  have  means  of  2. 12  and  2. 16  A, 
respectively,  but  distances  of  2.5  A  or  even  up  to  3.0  A  are  not  uncommon  (31). 


phases  and  throughout  the  course  of  structure  refinement  showed 
consistently  a  well-defined  density  that  is  much  larger  and  more 
elongated  than  what  would  be  expected  for  a  more  spherical 
bridging  hydroxide  or  water  molecule.  The  portion  of  the  density 
closest  to  the  two  metal  cations  displays  two  bifurcated  bulges. 
Since  OPAA  crystals  were  obtained  in  the  presence  of  acetate  and 
then  finally  equilibrated  in  a  reservoir  solution  containing  a  much 
greater  concentration  of  acetate  [270  mM  ammonium  acetate  and 
60  mM  sodium  acetate  (pH  4.6)],  we  assumed  initially  that  the 
density  represented  an  acetate  molecule.  This  assumption  was 
reinforced  by  a  previous  finding  of  a  bound  acetate  [from  a 
50  mM  acetate  buffer  (pH  4.6)]  in  the  bimetallic  center  of  the 
structure  of  E.  coli  aminopeptidase  P  (AMPP)  (31),  a  proline 
aminopeptidase  that  is  considerably  similar  in  structure  and 
function  to  OPAA  (further  discussed  below).  Although  an 
acetate  model  fits  easily  into  the  extraneous  density,  with  its 
carboxylate  oxygens  occupying  the  two  bulges  closest  to  the  two 
metal  cations,  we  noticed  the  presence  of  an  “extra”  density 
contiguous  to  the  methyl  group  of  the  acetate.  Following  a  series 
of  structure  refinements,  which  included  the  acetate  molecule,  an 
F0  -  Fc  difference  electron  density  map  calculated  without 
omitting  the  acetate  confirmed  the  existence  of  the  extra  density 
(Figure  S2A).  This  finding  clearly  indicates  a  bound  ligand  other 
than  acetate.  Moreover,  a  high  concentration  (10  mM)  of  acetate 
does  not  inhibit  the  hydrolysis  of  three  different  substrates  (DFP, 
Gly-Pro,  and  /i-nitrophenyl  soman)  by  an  extensively  dialyzed 
OPAA  (Table  S2  and  methods  of  the  Supporting  Information). 
For  unknown  reasons,  acetate  apparently  stimulates  enzyme 
activities  toward  DFP  and  p-nitrophenyl  soman  substrates. 

Our  initial  speculation  about  the  nature  of  the  extra  density 
was  predicated  on  (1)  the  chemical  features  of  the  area  closest  to 
the  extra  density,  which  are  contributed  mainly  by  MnB,  the 
carboxylate  side  chain  of  the  metal  ligating  Asp255,  and  the 
aromatic  side  chain  of  Tyr212,  and  (2)  the  possibility  that  the  site 
occupied  by  the  entire  elongated  density  represents  the  binding 
site  (or  Si  site)  for  the  N-terminal  Xaa  (or  Pi)  residue  of  the  Xaa- 
Pro  (P|-P2')  dipeptide  substrates  or  reaction  product  (further 
discussed  below).  These  factors  are  suggestive  of  a  polar  group 
such  as  an  amino  or  ammonium  group  for  the  extra  density, 
implying  a  bound  glycine  (Xaa).  A  fitted  glycine  molecule  refined 
well,  and  its  density  resolved  well  (data  not  shown).  However,  a 
high  concentration  (10  mM)  of  glycine  does  not  inhibit  the 
hydrolysis  of  DFP  or  /7-nitrophenol  soman  substrates  (Table  S2). 


Continuing  with  the  assumption  of  a  polar  group,  we  found 
the  extra  density  could  also  represent  a  hydroxyl  group,  which 
would  suggest  a  bound  glycolate  molecule.  As  to  be  expected,  the 
modeled  glycolate  refined  just  as  well  (Figure  S2A),  with  its  OH 
group  coinciding  with  the  a-amino  group  of  the  initially  fitted 
and  refined  glycine  molecule.  A  bound  glycolate  is  also  suggested 
by  the  finding  that  a  glycolate  concentration  of  10  mM  inhibits 
OPAA  activities  toward  all  three  substrates  [~50%  inhibition  for 
DFP  and  Gly-Pro  substrates  and  ~30%  for /Miitrophenyl  soman 
substrate  (Table  S2)].  However,  given  that  complete  inhibition 
was  not  achieved  by  the  high  concentration  of  glycolate,  the 
identity  of  the  nonproteinaceous  density  is  far  from  certain. 
Other  compounds,  such  as  /J-mercaptoethanol,  a  component  of 
the  crystallization  buffer  solution,  and  ethylene  glycol,  a  potential 
contaminant  of  the  PEG  4000  precipitant  (see  Materials  and 
Methods),  were  also  considered  but  were  deemed  unlikely  to 
represent  the  nonproteinaceous  density  for  structural  and  bio¬ 
chemical  reasons  (described  in  the  Supporting  Information).  We 
are  therefore  going  on  the  assumption  of  a  bound  glycolate, 
which  is  isosteric  with  and  in  many  ways  behaves  like  glycine. 

All  three  glycolate  oxygens  are  involved  in  a  tripartite  co¬ 
ordination  of  the  bimetallic  cations  (Figure  2  and  Table  1). 
Acting  in  a  bidentate  manner,  the  carboxylate  OT1  atom  bridges 
the  two  metals  and  OT2  ligates  MnA.  The  OH  hydroxyl  group 
contacts  MnB  at  a  distance  somewhat  longer  than  the  coordina¬ 
tion  distances  involving  side  chain  oxygen  and  nitrogen  atoms 
(Table  1) .  The  glycolate  further  interacts  with  active  site  residues 
(Figure  2  and  Table  S3  of  the  Supporting  Information),  of  which 
two  are  worth  noting.  An  intriguing  interaction  is  between  the 
carboxylate  OT1  atom  and  the  Glu381  OE1  atom,  which  can 
occur  only  between  a  negatively  charged  carboxylate  and  a 
protonated  carboxyl  group.  The  involvement  of  the  carboxylate 
OT2  atom  in  coordinating  MnA  and  hydrogen  bonding  His343 
and  the  OT1  atom  in  bridging  the  two  Mn2+  metals  favors  an 
ionized  carboxylate  group  of  glycolate.  This  implies  that  the 
protonated  carboxylic  acid  belongs  to  Glu381  rather  than  to 
glycolate.  The  predisposition  of  the  Glu381  to  a  protonated 
carboxyl  group  may  have  a  bearing  on  the  catalytic  mechanism  of 
prolidase  (discussed  below).  Another  interesting  observation  is 
that,  besides  making  a  long  contact  with  MnB,  the  glycolate  OH 
group  engages  in  an  OH-jr  interaction  (32)  with  Tyr212 
(Figure  2  and  Table  S3).  The  Tyr  or  Phe  residue  is  highly 
conserved  in  several  prolidases  (75),  although  this  is,  to  the  best 
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Figure  3:  Binding  of  the  reaction  product  DDP  (III).  (A)  Stereoview  of  the  ball-and-stick  model  of  the  OPAA  active  site,  showing  the 
coordination  of  the  two  Mn2+  ions,  both  with  distorted  octahedral  geometry,  and  the  electrostatic  interactions  associated  with  DDP  (salmon 
bonds)  (see  also  Tables  1  and  S3).  For  MnA,  His336  NE2,  Glu420  OE2,  and  DDP  01  and  02  are  nearly  in  plane  and  Glu381  OE2  and  Asp255 
OD2  are  axial  ligands.  For  MnB,  Asp244(ODl  and  OD2),  Asp255  OD1,  and  DDP  Ol  are  nearly  in  plane  and  Glu420OEl  and  DDP  N1  are  axial 
ligands.  (B)  Ligplot  of  interactions  between  DDP  (circumscribed  by  a  yellow  boundary)  and  OPAA  via  hydrogen  bonds  (dashed  green  lines)  and 
nonpolar  interactions  with  residues  demarcated  by  a  spoked  arc.  (C)  Approximate  locations  of  the  small  and  large  pockets  and  the  so-called 
“leaving  group  site”.  Same  view  as  in  panel  A. 


of  our  knowledge,  the  first  instance  in  which  the  interaction  has 
been  noted  in  a  prolidase. 

Including  the  contacts  made  by  glycolate  0T1,  0T2,  and  OH 
atoms,  the  ligands  surrounding  both  Mn2+  ions  adopt  a  six- 
coordinate  distorted  octahedral  geometry  (Figure  2).  Ligands 
His336  NE2,  Glu420  0E2,  and  glycolate  0T1  and  0T2  are 
roughly  in  plane  with  MnA,  and  ligands  Asp255  0D2  and 
Glu381  0E2  are  axial  ligands.  For  MnB,  ligands  Asp244  (0D1 
and  0D2),  Asp255  0D1,  and  glycolate  0T1  are  approximately  in 
plane,  while  those  of  Glu420  0E1  and  glycolate  OH  are  axial 
ligands. 

Structure  of  the  Complex  of  OPAA  with  Mipafox 
( DDFP )  or  Its  Hydrolysis  Product,  DDP  (III).  To  gain  an 
understanding,  at  the  atomic  level,  of  the  mode  of  inhibition  by 
mipafox,  we  determined  the  structure  of  native  OPAA  crystal¬ 
lized  in  the  presence  of  the  inhibitor.  Although  the  structure  with 
the  bound  mipafox  or  DDFP  was  logically  the  first  to  be 
analyzed,  another  more  realistic  alternative  of  a  bound  hydrolysis 
or  reaction  product,  DDP,  was  also  investigated.  Since  the 
equivalent  F  and  0  atoms  differ  by  only  one  electron,  dis¬ 
tinguishing  between  DDFP  and  DDP  is  impossible,  especi¬ 
ally  at  2.7  A  resolution.  However,  we  argue  in  favor  of  a 
bound  DDP,  produced  under  crystallization  conditions  (see 
Discussion),  and  the  OPPA-product  complex  is  the  subject  of 
the  report  that  follows. 

The  difference  electron  density  of  the  bound  DDP  is  shown  in 
Figure  S2B.  The  structure  of  OPAA  in  complex  with  DDP  is 
indistinguishable  from  that  with  glycolate;  the  rmsd  of  the 
superimposed  a-carbon  atoms  of  both  structures  (A  molecules 
only)  is  0.2  A.  The  Mn-Mn  distance  is  3.4  ±  0.1  A  (the  average 
from  the  three  independent  molecules).  As  observed  in  the 


OPAA- glycolate  complex  structure,  both  Mn2+  metals  are 
completely  devoid  of  ligated  hydroxide  or  water  molecules. 

The  coordination  of  the  binuclear  Mn2+  cluster  by  side 
chain  atoms  is  also  identical  to  that  in  the  OPAA-glycolate 
complex  structure  (Figures  2  and  3A  and  Table  1).  Moreover, 
the  involvement  of  the  01  and  02  atoms  of  the  tetrahedral 
phosphate  and  N1  atom  in  a  tripartite  ligation  of  the  two 
metal  cations  is  equivalent  to  the  involvement  of  the  0T1, 
0T2,  and  OH  atoms,  respectively,  of  glycolate.  The  01  atom 
engages  as  an  unsymmetrical  bridging  atom  between  the  two 
Mn2+  metal  ions.  The  lone  pairs  of  02  and  N 1  have  relatively 
longer  coordinating  distances  to  MnA  and  MnB,  respec¬ 
tively.  Like  those  for  the  bound  glycolate  structure,  both 
metals  in  the  DDP-bound  structure  also  show  a  six-coordi¬ 
nate  distorted  octahedral  geometry  (Figure  3A). 

Besides  coordinating  the  two  metals,  DDP  interacts  with 
OPAA  residues  via  electrostatic  interactions  through  its  N1 
and  N2  and  02  atoms  and  nonpolar  interactions  primarily  by 
way  of  its  two  isopropyl  moieties,  which  occupy  unique  positions 
in  the  active  site  (Figure  3B,C  and  Table  S3).  The  N1  and  N2 
atoms  donate  hydrogen  bonds  to  Asp244  0D2  and  Glu381  0E1, 
respectively,  which  are  also  metal  ligand  residues.  The  02  atom 
accepts  a  hydrogen  bond  from  the  His343  NE,  which  is  also 
mimicked  by  glycolate  0T2  (Table  S3).  The  two  isopropyl  groups 
are  engaged  in  different  hydrophobic  interactions,  the  one  a  more 
buried  C2-C1-C3  group  with  Tyr212  and  Val342  and  the  other 
a  more  exposed  C5-C4-C6  group  with  nonpolar  atoms  of 
His332  and  Arg418  (Figure  3B,C).  Interestingly,  with  the  excep¬ 
tion  of  the  C5-C4-C6  isopropyl  group,  a  majority  of  the 
interactions  associated  with  DDP  binding  occur  at  the  site  of 
glycolate  binding  (Figures  2  and  3A,C  and  Table  S3). 
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The  DDP-bound  structure  has  revealed  three  sites  near  the 
bimetallic  center  for  interacting  with  the  ligand,  small  and  large 
pockets  and  the  leaving  group  site  (Figure  3C).  Tyr212  and 
Val342  (Figure  3A,B)  combine  with  His343  to  form  a  small 
pocket  which  harbors  the  C2-C1— C3  isopropyl  group.  A  larger 
pocket  formed  by  Leu225,  FTis226,  His332,  and  Arg418  contains 
the  C5-C4-C6  isopropyl  group.  The  phosphoryl  02  atom  is 
directed  toward  the  leaving  group  site. 

DISCUSSION 

DDF  or  DDFP  and  DFP.  There  are  two  experimental 
conditions  for  preferential  binding  of  DDFP  as  an  inhibitor  or 
DDP  as  a  product.  Under  standard  enzyme  assay  conditions  with 
DFP  as  the  substrate,  which  are  very  similar  to  those  described  in 
the  methods  of  the  Supporting  Information,  DDFP  has  been 
shown  to  inhibit  OPAA  from  Alteromonas  sp.  strain  JD6.5  and 
A.  undim ,  with  an  identical  K[  value  of  ~0.5  mM  (4, 5).  Under  the 
same  conditions,  DDFP  ( 1  or  3  mM)  is  barely  hydrolyzed  by  the 
enzyme  (<  1  %  of  the  activity  of  DFP)  (4, 5),  thereby  favoring  it  as 
an  inhibitor.  DDFP  was  also  shown  in  the  mid-1980s  to  inhibit 
similar  enzymes  from  E.  coli  and  hog  kidney  (3,  33).  With  no 
active  site  serine  residue  present,  the  binding  of  DDFP  to  OPAA 
clearly  differs  from  that  to  acetylcholinesterase  and  neuropathy 
target  esterase,  which  is  accomplished  by  covalent  attachment 
through  phosphorylation  of  an  active  site  serine  residue  (JO,  13). 

The  second  set  of  conditions,  which  ultimately  formed  the 
basis  of  the  structure  analysis  of  the  cocrystal,  has  the  reaction 
product  DDP  bound.  Although  DDFP  is  a  very  poor  substrate,  it 
is,  under  the  crystallization  conditions,  hydrolyzed  by  OPAA 
crystals  or  by  enzyme  in  solution  to  yield  a  more  than  sufficient 
amount  of  DDP  for  complex  formation.  With  1  mM  DDFP  and 
85  yM  OPAA  in  the  crystallization  drop,  which  is  an  enzyme 
concentration  ~4  orders  of  magnitude  greater  than  that  in  the 
normal  DFP  assay  (1.5  x  10-3  /(M),  and  crystallization  for 
~3  days,  complete  DDFP  hydrolysis  is  possible,  even  though  the 
enzyme  activity  in  solution  at  the  pH  (4.6)  of  crystallization  is 
estimated  to  be  ~5%  of  that  at  the  optimum  pH  of  ~8  (4).  In  an 
assay  measurement  at  pH  4.6,  monitored  by  the  release  of 
fluoride  and  mimicking  the  cocrystallization  conditions  ( 1  mM 
DDFP  and  5  mg/mL  OPAA),  DDFP  is  hydrolyzed  at  an  initial 
rate  of  ~500  nmol/min.  The  same  measurement  at  pH  8.5  is  too 
fast  to  follow.  Since  hydrolysis  of  DDFP  in  aqueous  solution  has 
a  half-life  of  ~200  days  (34),  it  is  unlikely  the  source  of  DDP. 
There  is  a  precedent  for  product  formation  and  binding  as 
revealed  in  the  crystallographic  studies  of  AMPP  with  an  active 
site  His361  Ala  mutation;  despite  the  low  activity  of  the  mutated 
enzyme  (<  1  %  of  that  of  the  wild  type)  in  solution,  the  structure 
of  the  crystal  of  the  mutant  soaked  for  1  h  in  a  solution  containing 
a  Val-Pro-Leu  peptide  substrate  showed  the  binding  of  the 
product  Pro-Leu  dipeptide  at  the  active  site,  in  a  manner  very 
similar  to  that  seen  in  the  native  AMPP- Pro-Leu  complex 
structure  (55)  (discussed  further  below). 

Our  structural  studies  provide  a  molecular  basis  for  the 
binding  of  DDP  and,  by  inference,  DDFP  under  the  conditions 
described  above.  On  the  basis  of  the  DDP  binding  geometry 
(Figure  3A,B),  we  conclude  that  metal  bridging  01  atom 
originates  from  the  attacking  hydroxide  or  water  molecule  and 
the  02  atom  corresponds  to  the  phosphoryl  oxygen  of  DDFP.  As 
discussed  below,  the  01  atom  nearly  coincides  with  the  hydroxide 
ion  or  water  molecule  bridging  the  two  metal  ions  in  native 
AMPP.  DDFP  would  bind  in  the  inhibitory  mode  with  its 


phosphoryl  F  and  oxygen  atoms  occupying  the  positions  of  the 
02  and  01  atoms,  respectively,  of  DDP.  The  coordinating  and 
other  electrostatic  interactions,  combined  with  the  hydrophobic 
interactions,  govern  the  binding  of  DDP.  As  shown  in  panels  A 
and  B  of  Figure  3  and  Table  S3,  the  two  NH  groups  (N 1  and  N2) 
of  DDP  (and  also  DDFP)  donate  hydrogen  bonds  to  the  side 
chains  of  Asp244  and  Glu38 1 ,  respectively.  These  specific  charge- 
neutral  hydrogen  bonds  are  unlikely  to  be  duplicated  by  DFP 
since  both  have  oxygen  atoms  in  place  of  the  nitrogens  of  DDFP 
or  DDP.  This  presumably  makes  DFP  a  far  better  substrate. 

Questions  of  Whether  the  Active  Site  Contains  Cysteine 
Residues  and  Whether  DFP  Binding  Causes  Major  Struc¬ 
tured  Changes.  Two  independent  studies  showed  that  OPAA 
apparently  requires  a  sulfhydryl  group  for  catalysis  (4,5).  More¬ 
over,  it  has  also  been  demonstrated  that  OPAA  apparently 
undergoes  large  changes  in  circular  dichroism  upon  addition  of 
the  DFP  substrate  (36).  Reducing  agents  (e.g.,  /(-mercaptoetha- 
nol  and  dithiothreitol)  stimulate  OPAA  activity,  whereas  thiol- 
specific  reagents,  such  as  /i-chloromercuribenzoate,  iodoacetate, 
and  A-ethylmaleimide,  inactivate  OPAA  against  the  DFP  sub¬ 
strate  (4).  The  two  OPAA  structures,  which  were  obtained  from 
proteins  crystallized  in  the  presence  of  /3-mercaptoethanol  (see 
Materials  and  Methods),  provide  no  explanations  for  how 
reducing  agents  enhance  or  thiol-specific  compounds  abrogate 
OPAA  activity.  OPAA  contains  five  Cys  residues  (residue  68 
in  the  N-domain  and  residues  167,  222,  298,  and  368  in  the 
C-domain),  all  of  which  are  in  the  reduced  form  and  nowhere 
close  to  the  binuclear  Mn2+  ions  (distances  ranging  from  ~13  to 
30  A).  Moreover,  no  pair  of  cysteines  in  the  structure  comes 
remotely  close  to  forming  disulfide  bonds.  Cys222,  which  is 
buried  in  the  short  a-helix  G  in  the  C-domain,  is  closest  to  the 
active  site  (Figure  1A).  These  observations  indicate  that  if 
cysteines  have  to  play  a  role  in  catalysis,  it  is  accomplished 
indirectly  and  over  considerable  distances  via  an  unknown 
mechanism.  As  discussed  below,  the  prevailing  proposed  cataly¬ 
tic  mechanisms  of  prolidase  and  OPH  activities  do  not  require  the 
participation  of  a  cysteine  residue. 

CD  measurements  indicated  that  DFP  binding  to  OPAA 
causes  both  a  significant  reduction  in  the  a-helical  content  and 
a  considerable  increase  in  the  /(-strand  composition  (36).  These 
findings  of  major  substrate-induced  structural  changes  are  diffi¬ 
cult  to  reconcile  given  a  compact  and  stable  “supersecondary 
structure’’  (the  packing  of  the  a-helices  and  /3-strands)  of  both 
domains  (Figure  1A,B).  Moreover,  a  compact  supersecondary 
structure,  together  with  the  observation  that  the  only  Trp  residue 
(W405)  in  the  C-domain  is  far  (~29  A)  from  the  active  site 
binuclear  Mn2+  ions,  makes  the  observation  of  a  DFP-induced 
change  in  tryptophan  fluorescence  (36)  also  inexplicable.  There 
are  four  other  Trp  residues  (59,  69,  89,  and  100),  but  they  are  all 
located  in  the  N-domain  at  distances  from  the  active  site  ranging 
from  24  to  39  A.  Extensive  crystallographic  studies  of  the  binding 
of  a  variety  of  ligands,  including  substrates,  products,  and 
inhibitors,  to  the  Mn2+-loaded  and  -free  AMPP,  which  has  a 
structure  similar  to  that  of  OPAA  (discussed  below),  also  show 
no  extensive  ligand-induced  structural  changes  relative  to  the 
ligand-free  structure  (for  examples,  see  refs  (37-39)).  Given  all 
these  observations,  OPAA  is  unlikely  to  undergo  large  substrate- 
induced  conformational  changes. 

OPAA  and  Aminopeptidase  P  (AMPP  or  APPro)  Com¬ 
parison:  Substrate  and  Product  Recognition  and  Prolidase  I 
Peptidase  Activity.  Both  OPAA  and  AMPP  belong  to  the 
family  of  prolidase  bimetalloenzymes,  whose  large  C-terminal 
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F igure  4:  Stereoview  of  the  superpimposed  active  sites  in  the  pita  bread  domain  structures  of  the  complexes  of  OPAA  with  glycolate  (green)  and 
AMPP  with  the  Pro-Leu  dipeptide  (gray).  For  the  PDB  entry  of  the  AMPP  structure,  see  Table  S4.  The  OPAA  residue  identifications  are  first, 
followed  by  AMPP.  Because  the  two  Mn  metal  ions  in  both  enzymes  superimposed  almost  perfectly,  the  pair  (gray  spheres)  in  AMPP  is  obscured. 
W2  and  W3  are  water  molecules  linked  to  MnA  and  MnB,  respectively,  of  AMPP,  and  their  positions  are  close  to  those  of  OT2  and  OH, 
respectively,  of  glycolate.  Water  molecules  Wl,  W2,  and  W3  are  also  present  in  the  native,  ligand-free  AMPP  structure  (Table  S4). 


domain  exhibits  a  pita  bread  architecture.  With  several  structures 
of  complexes  with  ligands,  combined  with  biochemical  studies, 
AMPP  is  the  best  characterized  of  the  family  (35  and  references 
cited  therein).  The  fact  that  the  crystal  structures  of  OPAA  and 
AMPP,  especially  the  active  site-bearing  C-terminal  domains,  are 
very  similar  allows  a  straightforward  direct  comparison  between 
the  two  enzymes.  For  this,  we  superimposed  the  C-terminal 
domains  of  OPAA  with  bound  glycolate  and  AMPP  with  bound 
C-terminal  product  Pro-Leu  (P/-P2'),  which  also  contains  a  well- 
resolved  bridging  hydroxide  molecule  (31),  or  the  inactive 
His254Ala  mutant  form  of  AMPP  with  bound  Val-Pro-Leu 
(Pi-Pi'-Pe)  substrate  (35).  The  superpositioning  resulted  in  a 
rmsd  of  ~2  A  for  ~240  superimposed  Ca  positions  and  a  31% 
sequence  identity.  As  further  evidence  of  a  very  high  degree  of 
structural  similarity,  the  active  sites  of  both  proteins,  including 
the  residues  coordinating  the  binuclear  Mn2+,  are  composed  of 
identical  residues,  which  are  superimposable  (Figure  4;  see  also 
Table  S4  of  the  Supporting  Information).  The  two  ligand-bound 
AMPP  structures  have  delineated  the  subsites  (Si,  S/,  and  S2') 
for  binding  the  tripeptide  substrate  or  dipeptide  product.  The 
glycolate  occupies  for  the  most  part  the  S|  subsite. 

The  superimposed  active  sites  (Figure  4)  provide  further 
insight  into  the  molecular  features  of  peptide  substrates  or 
product  recognition.  Since  the  residues  contacting  the  proline 
of  the  di-  or  tripeptide  bound  in  AMPP  are  identical  to  those  in 
OPAA,  the  features  for  P/  Pro  residue  recognition  are  preserved 
in  OPAA.  The  specificity  of  AMPP  for  the  Pro  residue  is  achieved 
mainly  by  van  der  Waals  contacts  of  the  hydrophobic  atoms  of 
His350  and  Arg404  with  the  prolidyl  ring  (specifically,  CB-CG 
and  CG-CD  atoms,  respectively)  (35, 39).  His350  and  Arg404  of 
AMPP  are  equivalent  to  His332  and  Arg418,  respectively,  of 
OPAA.  Interestingly,  the  same  hydrophobic  atoms  are  also 
utilized  in  the  interactions  with  one  of  the  two  isopropyl  groups 
of  DDP  (described  above  with  Figure  3). 

The  binding  of  glycolate  has  all  the  earmarks  for  recognition 
and  binding  of  amino  acid  Xaa  or  the  Pi  reaction  product. 
Indeed,  the  glycine  molecule  was  the  first  to  be  modeled  to  the 
nonproteinaceous  density  and  successfully  refined.  The  only 
difference  is  that  the  OH  group  of  glycolate  coordinated  to  the 
more  buried  MnB  metal  is  the  a-amino  group  of  a  Xaa  residue  of 


substrates  or  products.  The  amino  group  of  the  Val-Pro-Leu 
substrate  has  been  observed  to  interact  with  the  MnB  in  the 
inactive  mutant  AMPP  (35).  As  mentioned  above,  the  a-amino 
group  could  further  participate  in  a  NH-?r  interaction  with  the 
conserved  Tyr  [residue  212  in  OPAA  and  residue  229  in  AMPP 
(see  Figure  2)],  further  contributing  to  substrate  or  product 
recognition.  The  carboxylate  of  the  amino  acid  product  would 
interact  with  the  two  metal  ions  and  side  chain  residues  in  a 
manner  exactly  identical  to  that  of  the  carboxylate  of  glycolate. 
Finally,  it  is  interesting  to  note  that  the  positions  of  the 
carboxylate  OT2  and  OH/NH2  groups  are  close  to  those  of  the 
W2  and  W3  water  molecules  associated  with  MnA  and  MnB, 
respectively,  in  the  native  AMPP  (Figure  4).  Expulsion  of  these 
water  molecules  by  ligands  [e.g.,  glycolate  and  DDP  (Figures  2 
and  3)]  and  the  Val-Pro-Leu  (Pi-Pi'-P2')  substrate  bound  to  an 
inactive  AMPP  (35)  contributes  a  favorable  entropic  effect  to 
ligand  binding. 

From  the  overlapped  OPAA  and  AMPP  active  sites,  we 
observed  that  the  two  pockets  and  the  leaving  group  site 
delineated  in  the  binding  of  DDP  to  OPAA  (Figure  3C)  are  also 
present  in  AMPP  and  involved  in  binding  of  the  peptide  substrate 
and  product.  The  Pro-Leu  product  bound  in  AMPP  occupies  not 
only  the  leaving  group  site  but  also  a  portion  of  the  large  pocket. 
The  aliphatic  side  chain  of  the  N-terminal  Val  residue  of  the 
Val-Pro-Leu  substrate  bound  to  the  inactive  AMPP  is  directed 
toward  the  small  hydrophobic  pocket.  This  observation  is  fully 
consistent  with  the  findings  that  the  best  prolidase  substrates  are 
ones  in  which  the  Xaa  residues  have  large  hydrophobic  side 
chains  (4~6).  We  note  that  the  binding  of  the  inhibitor  apstatin  to 
AMPP  (37)  makes  extensive  use  of  all  three  sites. 

On  the  basis  of  extensive  crystallographic  and  biochemical 
studies  of  AMPP,  a  catalytic  mechanism  for  prolidase  activity  has 
been  proposed  and  recently  refined  (35,  39)  (see  Scheme  1  in 
ref  39).  Elaborations  of  some  features  of  the  mechanism  based  on 
our  OPAA  structures  are  as  follows,  with  reference  to  Figures  2 
and  4  and  Tables  1  and  S3.  First,  the  bridging  hydroxide  or  water 
molecule,  which  is  clearly  identified  in  the  structure  of  AMPP 
with  bound  Pro-Leu,  acts  as  the  nucleophile  by  attacking  the 
carbonyl  carbon  of  the  scissile  peptide  bond.  The  OT1  atom  of 
the  carboxylate  of  the  glycolate  bound  in  OPAA  occupies  almost 
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exactly  the  same  position  of  the  bridging  solvent  molecule  (Wl) 
in  the  native  AMPP,  suggesting  the  direction  of  the  nucleophilic 
hydroxide  attack  of  the  Xaa  carbonyl  carbon  of  a  Xaa-Pro 
substrate.  Second,  nucleophilic  attack  is  facilitated  by  the 
polarization  of  the  solvent  molecule  by  binding  to  one  or  both 
metals  and  the  abstraction  of  a  proton  by  a  general  base,  believed 
to  be  Glu383  in  AMPP,  which  is  equivalent  to  Glu381  in  OPAA. 
OPAA  Glu381  engages  in  hydrogen  bonding  with  the  bridging 
OH  or  OT1  atom  of  glycolate.  Glu383  in  AMPP  and  Glu381  in 
OPAA  are  also  linked  to  the  more  solvent-exposed  MnA  ion. 
Third,  the  nucleophilic  attack  is  further  aided  by  polarization  of 
the  scissile  peptide  carbonyl  bond  through  coordination  with 
MnA  and  hydrogen  bond  formation  with  the  NE2  group  of 
His361  in  AMPP.  The  glycolyate  OT2  atom,  which  would  mimic 
the  peptide  carbonyl  oxygen,  points  toward  His343,  the  equiva¬ 
lent  of  the  AMPP  His361,  and  MnA  in  ways  envisioned  for  the 
Xaa  carbonyl  oxygen  of  the  scissile  bond  of  a  substrate  during 
catalysis.  Fourth,  the  interactions  of  the  scissile  peptide  carbonyl 
oxygen  with  a  His  residue  (His361  in  AMPP  or  His343  in  OPAA) 
and  MnA  further  stabilize  the  ge/n-diol  intermediate  that  is 
formed  following  the  nucleophilic  attack.  Moreover,  every 
AMPP  structure  showed  that  the  ND1  atom  of  His361  is  in  close 
contact  with  a  carboxylate  group  of  an  Asp  residue  (Asp38)  from 
an  adjacent  subunit,  thereby  resulting  in  a  doubly  protonated, 
positively  charged  imidazolium  side  chain  of  His361,  which  is 
believed  to  further  enhance  the  formation  of  the  gem-diol 
intermediate.  In  sharp  contrast,  however,  this  contact  or  charge 
coupling  interaction  is  not  present  or  even  possible  in  OPAA 
since  it  does  not  have  the  counterpart  of  the  Asp  residue  in 
AMPP.  Moreover,  unlike  the  homotetrameric  AMPP  (37), 
OPAA  is,  as  indicated  above,  a  monomer.  Fifth,  in  the  final  step 
of  peptide  hydrolysis,  collapse  of  the  intermediate  to  products  is 
facilitated  by  the  donation  of  the  abstracted  proton  from  Glu383 
in  AMPP  (equivalent  to  Glu381  in  OPAA)  to  the  amine  of 
the  Pro  product.  As  suggested  by  the  glycolate-bound  structure 
(see  above),  the  side  chain  of  Glu38 1  appears  to  be  predisposed  to 
protonation.  In  the  mechanism,  the  Xaa  (Pi)  amino  acid  product 
is  bound  in  such  a  way  that  its  carboxylate  engages  in  a  bidentate 
interactions,  one  oxygen  bridging  the  two  Mn2+  ion  and  the  other 
coordinating  only  one  metal  ion,  MnA,  which  is  more  exposed. 
These  interactions  are  exactly  those  observed  for  the  glycolate 
carboxylate  (Figure  2),  a  surrogate  of  glycine. 

Differences  and  Similarities  of  OPAA  and  Bacterial 
Phosphotriesterase  (PTE):  OPH  Activity.  Among  the 
members  of  the  large  family  of  bimetalloaminohydrolases,  the 
phosphotriesterase  from  Pseudomonas  diminuta  is  the  best  char¬ 
acterized.  Its  structures  in  complexes  with  several  OP  substrate 
analogues,  product  and  product  analogues,  and  inhibitors  have 
been  determined,  and  the  substrate  and  stereochemical  require¬ 
ments  have  been  investigated  extensively  in  solution  [e.g.,  see  a 
review  article  (40)  and  a  recent  paper  (41)].  These  studies  have 
also  generated  a  proposed  catalytic  mechanism  for  the  hydrolysis 
of  OP  substrates  (40-42). 

With  one  exception,  the  substrates  of  PTE,  such  as  organopho- 
sphonates  [e.g.,  sarin  (II)  and  soman  and  their  analogues]  and 
paraoxon  (organophosphotriester)  and  its  analogues  (e.g.,  IV), 
are  shared  with  OPAA  (43,  44).  The  one  exception  is  that  the 
nerve  agent  VX  is  hydrolyzed  by  PTE  but  is  inert  to  OPAA  (18). 
Both  enzymes  require  bimetallic  ions  for  activity,  which  are 
typically  Zn2+  or  Co2+  ions  for  PTE  (45).  Two  features  of  the 
stereoselectivity  in  PTE  were  also  later  observed  in  OPAA: 
preferential  hydrolysis  of  the  least  toxic  7?p-enantiomers  of 


organophosphonate  sarin  (II)  and  soman  and  their  analogues 
and  the  Sp-enantionmers  of  organophosphate  triesters  (such 
as  IV)  (43,  44).  In  PTE,  substrate  hydrolysis  proceeds  via  the 
Sn2  mechanism  with  an  inversion  of  the  stereochemical  configu¬ 
ration  at  the  phosphorus  center  (46).  As  an  OPH,  AMPP  exhibits 
the  same  mechanism,  but  interestingly,  in  contrast  to  OPAA,  the 
hydrolysis  of  sarin  analogues  by  the  wild-type  enzyme  and 
binding  site  residue  mutants  prefers  the  Vp-enantiomers  over 
the  7?p-enantiomers  (47).  However,  since  two  of  the  mutated 
binding  site  residues  (Trp86  and  Argl  53)  are  contributed  by  or 
originate  from  another  subunit  of  the  tetrameric  AMPP,  they  are 
naturally  absent  and  thus  have  no  bearing  on  the  catalytic 
reaction  of  the  monomeric  OPAA. 

Unfortunately,  unlike  AMPP,  the  fact  that  the  quaternary  and 
crystal  structures  of  PTE  and  OPAA  are  completely  different 
precludes  a  direct  comparison  between  them.  PTE  is  a  dimer, 
whereas  OPAA  is  a  monomer.  The  PTE  subunit,  which  is  smaller 
(36  kDa),  consists  of  one  large  domain  which  adopts  a  (/3/a)8  or 
TIM  barrel  motif.  In  clear  contrast,  as  described  above,  OPAA 
contains  two  distinct  domains,  with  the  largest,  active  site¬ 
bearing  C-domain  showing  a  highly  curved  /3-sheet,  akin  to  a 
pita  bread  (Figure  1).  Moreover,  both  domains  fold  into  mixed 
/3-sheets,  with  the  one  in  the  N-domain  flanked  by  helices  on  both 
sides  and  the  other  in  the  C-domain  flanked  by  four  helices  on  the 
outer  surface.  The  active  site  in  OPAA  is  located  in  a  shallow 
cavity  on  the  surface  of  the  highly  curved  /3-sheet,  whereas  that  in 
PTE  is  situated  in  a  pocket  within  one  end  of  the  barrel  and 
surrounded  mainly  by  /3-a  loops.  Finally,  as  summarized  in 
Table  S4,  the  metal-coordinating  residues  and  geometries  differ 
between  the  two  OPHs.  One  major  difference  is  that  the  two 
metal  ions  in  PTE  require  more  His  residues  for  coordination, 
whereas  those  in  OPAA  involve  more  acidic  residues.  Given  these 
differences,  a  direct  comparison  of  the  active  sites  of  the  two 
enzymes  is  virtually  impossible. 

To  be  able  to  compare  and  contrast  the  bimetallic  catalytic 
centers  of  OPAA  and  PTE  and  thereby  make  sound  assessments  of 
ligand  binding  and  OPH  catalysis,  we  came  up  with  the  following 
strategy:  superposition  of  the  pairs  of  divalent  metals  in  the 
structures  of  the  complexes  of  PTE  with  the  substrate  analogue 
diisopropylmethylphosphonate  (DMP,  V)  (48)  and  OPAA  with 
the  DDP  product  (Figure  3A),  together  with  the  metal  bridging 
OH  hydroxide  in  PTE  and  the  01  atom  of  DDP  and,  crucially, 
impose  the  observations  that  MnA  in  OPAA  and  the  so-called  Zn/3 
metal  in  PTE  are  more  solvent  exposed  while  MnB  and  Zna  in 
OPAA  and  PTE,  respectively,  are  more  buried  (see  further  Table 
S4  for  the  identifications  of  the  metal  ions).  The  outcome  of  the 
overlapped  bimetallic  centers,  which  is  summarized  in  Table  S5 
and  shown  in  Figure  5  for  only  the  most  important  common 
features  related  to  enzyme  activity,  is  illuminating.  Besides  the 
overlapped  pairs  of  metals  (MnA  and  Zn/3  and  MnB  and  Zna)  and 
bridging  atoms  (rmsds  of  0.3,  0.2,  and  0.4  A,  respectively),  seven 
side  chain  atoms  coordinating  the  two  metals  in  both  enzymes 
superimposed  with  rmsds  ranging  from  0.3  to  1  A.  However,  as 
expected,  the  overlapped  side  chain  atoms  are  of  mixed  types:  three 
between  oxygens  and  nitrogens  and  four  between  oxygens.  OPAA 
His336  and  PTE  His201  are  the  only  two  identical  residues  in  both 
active  sites  that  show  the  best  overlap.  The  large  and  small  pockets 
and  the  leaving  group  site  that  are  close  to  the  bimetallic  center, 
which  were  brought  to  light  by  the  structures  of  PTE  in  complex 
with  substrate  analogues  and  inhibitors  (e.g.,  see  refs  45  and  48), 
approximately  overlap  in  both  enzymes  OPAA  and  PTE.  In  both 
enzymes,  the  three  sites  have  loose  specificities. 
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Figure  5:  Stereo  figure  of  the  bound  reaction  product  DDP  (III)  (salmon  color)  to  OPAA  and  substrate  analogue  diisopropylmethylpho- 
sphonate  [DMP  (V),  gray]  to  PTE.  The  orientation  is  almost  identical  to  that  shown  in  panels  A  and  C  of  Figure  3,  which  also  identifies  the  three 
sites  (small  and  large  pockets  and  leaving  group  site).  The  basis  for  overlaying  of  the  active  sites  in  OPAA  and  PTE,  whose  structures  are 
completely  different  (pita  bread  and  TIM  barrel,  respectively),  is  detailed  in  the  text.  Only  few  functionally  relevant  residues  of  the  overlapped  sites 
are  displayed.  Note  that  the  NE2  atom  of  EIis343  overlaps  with  the  NE1  atom  of  Trpl31  of  PTE.  The  nature  of  the  coordination  of  the  two  metal 
ions  in  PTE  is  summarized  in  T  able  S4.  The  mode  of  binding  of  the  DMP  inhibitor  is  thought  to  resemble  the  binding  of  OP  substrates  to  PTE  (48). 
The  phosphoryl  oxygen  docks  on  the  more  exposed  Zn/3  metal  ion;  one  of  the  isopropyl  groups  (situated  to  the  “left”  of  the  phosphorus  center) 
occupies  the  leaving  group  site;  the  other  isopropyl  group  resides  in  the  small  pocket;  and  the  methyl  group  faces  the  large  pocket. 


Finally  and  more  importantly,  the  comparison  of  the  bime¬ 
tallic  centers  of  PTE  and  OPAA  reveals  that  the  features  of  the 
proposed  catalytic  mechanism  for  OP  substrate  hydrolysis  by 
PTE  (41,  42)  for  the  most  part  apply  to  OPAA  or  AMPP. 
Resembling  the  DMP  binding  to  PTE  (Figure  5),  the  phosphoryl 
oxygen  of  OPAA  substrates  (e.g.,  I,  II,  or  IV)  docks  on  the  more 
exposed  metal  site,  MnA  in  OPAA,  which  is  equivalent  to  Zn/3  in 
PTE,  and  the  leaving  group  F  faces  or  the  /Miitrophenyl  resides  in 
the  leaving  group  site.  Other  phosphoryl  substituents  occupy 
approximately  the  small  and  large  pockets  [e.g.,  the  methyl  and 
isopropyl  groups,  respectively,  of  II  and  IV  (see  also  Scheme  1 
and  Figures  3C  and  5)].  [For  DDFP  to  be  acted  upon  as  a 
substrate  (under  the  conditions  of  crystallization  described 
above),  it  will  have  to  bind  in  the  same  productive  manner,  with 
its  phosphoryl  oxygen  docking  on  MnA,  at  the  position  of  the  02 
atom  of  the  bound  DDP  (Figures  3A).]  It  is  also  possible  for  the 
substrate  phosphoryl  oxygen  to  further  form  a  hydrogen  bond 
with  the  NE2  atom  of  His343  of  OPAA  (Figure  5),  a  residue  that 
is  highly  conserved  in  other  similar  prolidases  (75),  including 
His361  in  AMPP  (Figure  4).  We  note  that  the  role  of  the  NE2  of 
His343  as  a  hydrogen  bond  donor  group  could  be  played  by 
the  NE1  atom  of  T rp  1 3 1  of  PTE  (Figure  5).  These  combined 
interactions  polarize  the  phosphoryl  oxygen  bond  and  enhance 
the  electrophilicity  of  the  phosphorus  center.  Similar  interactions 
and  functions  have  been  proposed  for  the  carbonyl  oxygen  of  the 
scissile  peptide  bond  of  peptide  substrates  of  AMPP  (39),  which 
are  mimicked  by  OPAA  (discussed  above).  Much  like  its  role  in 
the  prolidase  activity  (see  above),  the  bridging  hydroxide,  acting 
as  a  nucleophile,  attacks  the  phosphorus  center  of  the  substrates, 
followed  by  the  expulsion  of  the  leaving  group.  In  PTE,  Asp301  is 
believed  to  enhance  the  OH  attack  by  shuttling  its  proton  to  the 
bulk  solvent  via  His254.  PTE  Asp301  is  homologous  to  OPAA 
Glu381,  but  their  action  takes  place  in  a  different  environment; 
Glu381  is  associated  with  the  more  exposed  MnA  metal,  whereas 
Asp301  is  linked  to  the  more  buried  Zna  (Figure  5).  However,  the 
functions  of  both  His254  in  PTE  and  its  equivalent  counterpart, 
His332,  in  OPAA  occur  in  a  similar  location  (Figure  5),  which  is 
also  close  to  the  protein  surface.  The  reaction  mechanism  would 
require  modification  in  light  of  our  finding,  described  below,  of  a 


difference  in  the  modes  of  binding  of  products  of  OP  hydrolysis 
between  OPAA/AMPP  and  PTE. 

Two  Different  Major  Mechanisms  for  Bridging  the 
Active  Site  Binuclear  Metals  by  Ligands.  Overlapping  the 
binding  sites  of  OPAA  loaded  with  glycolate  and  reaction 
product  DDP  and  those  of  the  native  AMPP  and  its  complexes 
with  acetate  and  the  inhibitor  apstatin  (31, 37)  (Figure  6;  see  also 
Table  S4)  reveal  the  following  interesting  features  of  the  coordi¬ 
nations  of  the  two  metal  ions  by  ligands.  First  and  foremost, 
despite  the  diversity  of  ligands  (from  acetate,  the  smallest  and 
simplest,  to  apstatin,  the  largest  and  most  complicated),  only  one 
ligand  oxygen  atom  bridges  the  two  metal  ions.  This  is  particu¬ 
larly  noteworthy  since  the  ligands  have  two  oxygen  atoms  that 
can  potentially  bridge  the  two  metals.  The  locations  of  the  oxygen 
bridging  atoms  of  the  ligands  coincide  with  or  are  very  close  to 
the  hydroxide  or  water  bridging  the  two  metal  ions  in  native  or 
ligand-free  structures  [e.g.,  in  AMPP  (Figures  4  and  6)].  Second, 
the  second  or  nonbridging  oxygen  atom  of  the  glycolate  carboxy- 
late  (0T2)  and  DDP  phosphate  (02)  coordinate  the  more 
exposed  metal  ion  (MnA)  and  further  make  a  hydrogen  bond 
with  a  His  residue  (His343)  (Figures  2  and  3A,B).  Interestingly, 
this  feature,  along  with  the  first,  has  also  been  observed  in  the 
binding  of  a  series  of  amino  acid  products  and  phosphorus-based 
transition-state  analogues  to  the  E.  coli  methionyl  aminopepti- 
dase  (MetAP)  (49),  which  has  two  Co2+  metal  centers  in  the 
active  site  very  similar  to  that  of  OPAA  and  AMPP.  A  surprising 
exception  is  the  binding  of  the  methionine  product  to  Pyrococcus 
furiosus  MetAP,  which  shows  one  carboxylate  oxygen  atom 
interacting  with  only  one  of  the  two  metal  ions  (equivalent  to 
MnA  of  OPAA/AMPP)  and  the  other  oxygen  hydrogen  bonding 
with  a  His  residue  (50).  Like  the  OH  of  glycolate  or  the  amino 
group  of  the  isosteric  glycine  or  other  Xaa  products,  the  amino 
group  of  the  bound  methionine  product  interacts  with  one  metal 
cation  (equivalent  to  MnB).  Third,  the  bridging  oxygen  atoms  are 
clustered  almost  to  one  position,  which  is  very  close  to  that  of  the 
bridging  hydroxide  ion  present  in  the  native  AMPP  structure. 
Fourth,  surprisingly,  unlike  the  two  carboxylate  oxygens  of 
glycolate,  only  one  oxygen  of  acetate  bound  in  AMPP  partici¬ 
pates  in  metal  coordination  via  the  bimetallic  bridging  mode. 
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Figure  6:  Stereo  figure  of  the  oxygen  atoms  of  ligands  bridging  the  two  Mn2+  metal  ions  in  OPAA  and  AMPP.  The  ligands  bound  in  OPAA  are 
glycolate  (green)  and  the  product  inhibitor  DDP  (salmon),  and  those  in  AMPP  are  acetate  (gray)  and  the  inhibitor  apstatin  (aquamarine).  The 
bridging  atoms  (colored  red)  are  the  carboxylate  OT1  atom  (glycolate),  the  phosphate  Ol  atom  (DDP),  one  carboxylate  oxygen  (acetate),  and  a 
hydroxyl  group  (apstatin)  (see  also  Table  S4).  The  isolated  red  sphere  represents  the  bridging  OH  or  water  in  the  native  (ligand-free)  structure  of 
AMPP  (Table  S4).  One  nitrogen  of  DDP  (Nl)  and  apstatin  (labeled  N)  coordinates  MnB  (see  also  Figure  3A,B  and  Table  1).  The  two  Mn2+ 
metals  in  the  overlapped  complexes  coincide  (e.g.,  see  Figure  4),  but  for  the  sake  of  clarity,  only  MnA  and  MnB  in  the  OPAA— glycolate  structure 
are  shown.  The  MnA— MnB  metal  separations  in  the  different  ligand-bound  structures  and  the  native,  ligand-free  AMPP  are  essentially  the  same 
(3.3— 3.4  A).  The  PDB  entries  of  the  different  structures  are  listed  in  Table  S4. 


These  features  indicate  the  variability  and  pliability  of  the 
involvement  of  particular  atoms  of  ligands  in  interacting  with 
the  bimetallic  center.  Nevertheless,  the  one  oxygen  bridging 
mechanism  is  a  common  feature  of  ligand  binding  to  OPAA 
and  AMPP. 

The  one  oxygen  bridging  mechanism  in  the  pita  bread 
structures  of  OPHs  and  prolidases  and  peptidases  differs  from 
the  mechanism  revealed  by  structural  studies  of  the  binding  of 
different  products  to  the  bimetallic  centers  of  PTE  and  other 
aminohydrolases  (e.g.,  isoaspartyl  dipeptidase,  dihydroorotase, 
and  D-aminoacylase)  with  the  TIM  barrel  structural  motif.  The 
binding  of  diethyl  phosphate  to  the  PTE,  aspartic  acid  to  the 
dipeptidase,  carbamoyl  aspartate  to  the  orotase,  and  acetate  to 
the  aminoacylase  occurs  with  two  oxygen  atoms  bridging,  in 
a  nearly  symmetrical  bidentate  manner,  the  two  metal  ions 
(see  ref  41  and  references  cited  therein).  Presumably  in  this 
mechanism,  one  of  the  oxygen  atoms  of  the  product  that 
corresponds  to  the  oxygen  of  the  substrate  coordinates  the  more 
solvent-exposed  metal  ion  (p),  and  the  other  oxygen  that 
originates  from  the  attacking  hydroxide  ligates  the  more  buried 
metal  ion  (a).  It  is  believed  that  the  weakening  of  the  coordina¬ 
tion  of  the  bridging  or  attacking  hydroxide  to  the  /I-metal  ion  by 
the  interaction  of  the  substrate  with  the  /I-metal  ion  leads  to  the 
coordination  of  the  a-metal  ion  solely  by  the  oxygen  of  the 
product  derived  from  the  hydroxide. 

What  are  the  possible  reasons  for  the  existence  of  the  two 
distinct  types  of  bridging  mechanisms?  The  one  oxygen  bridging 
mechanism  may  be  simpler  for  binding  the  products  of  both 
peptidase/prolidase  and  OPT!  activities  since  the  bridging  oxy¬ 
gen,  derived  from  the  attacking  hydroxide  or  water  molecule, 
remains  in  place.  It  is  also  possible  that  this  mechanism  is  more 
prevalent  for  binding  of  products  and  inhibitors  with  the  addi¬ 
tional  (or  third)  polar  atom  that  interacts  with  the  more  buried 
metal  ion.  This  is  exemplified  by  the  Nl  atom  of  the  product 
DDP  or  a-amino  group  of  the  Xaa  products  and  the  nitrogen  (N) 
of  the  apstatin  inhibitor  and  the  hydroxyl  of  glycolate,  which 
interacts  with  MnB  metal  ion  (e.g.,  see  Figures  2, 3A,B,  and  6  and 
Table  1).  This  interaction  could  hinder  the  bridging  atom  from 
solely  coordinating  the  MnB  ion.  On  the  other  hand,  the  two 
oxygen  bridging  mechanisms  may  be  more  common  for  OPHs 


with  OP  products,  such  as  those  noted  above  for  the  enzymes 
with  the  TIM  barrel  architecture,  which  lack  the  third  metal 
coordinating  atom. 

CONCLUSIONS 

The  principal  conclusions  that  can  be  drawn  from  the  two 
crystal  structures  of  OPAA,  the  native  form  and  its  cocrystal  with 
the  mipafox  inhibitor,  are  as  follows.  First,  the  three-dimensional 
structure  of  OPAA  is  similar  to  that  of  a  large  group  of  prolidases 
and  peptidases  with  a  bimetallic  center  located  near  the  surface  of 
a  domain  with  the  pita  bread  architecture.  It  is  most  similar  to 
AMPP,  as  evident  by  the  identical  active  site  geometry  for  both 
enzymes.  Second,  OPAA  is  unusual  in  that  it  is  a  monomeric 
protein,  whereas  AMPP  and  many  others  of  the  group  are 
oligomeric  proteins.  The  oligomeric  nature  of  AMPP  is  appar¬ 
ently  important  for  its  prolidase  and  OPH  activities.  Third, 
unexpectedly,  the  native  OPAA  structure  revealed  the  presence 
of  a  well-defined  nonproteinaceous  density  in  the  active  site, 
whose  identity  could  not  be  conclusively  established  but  is 
suggestive  of  a  bound  glycolate.  Fourth,  although  OPAA  was 
cocrystallized  with  the  inhibitor  DDFP  (mipafox),  the  species 
bound  in  the  crystal  structure  was  attributed  to  DDP,  the  product 
of  hydrolysis  of  DDFP.  DDP  is  held  in  place  by  coordination  to 
the  binuclear  Mn:+  atoms  and  hydrogen  bonding  and  nonpolar 
interactions  with  active  site  residues.  The  binding  of  DDP  has 
also  revealed  three  sites,  the  large  and  small  pockets  and  the 
leaving  group  site,  with  the  latitude  of  hosting  different  substit¬ 
uents  of  ligands,  including  inhibitors,  substrate  analogues,  and 
products.  The  mode  of  binding  of  DDFP  to  OPAA,  which  is 
virtually  identical  to  that  of  DDP,  differs  from  that  to  AChE  and 
NTE,  which  occurs  by  covalent  addition  through  phosphoryla¬ 
tion  of  an  active  site  serine  residue  and  thereby  accounts  for  the 
severe  toxic  effect  of  this  and  other  CWA  on  the  central  nervous 
system.  Fifth,  in  both  structures,  each  Mn2+  ion  in  the  active  site 
is  coordinated  by  six  atoms  of  side  chains  and  ligands  in  a 
distorted  octahedral  geometry.  Sixth,  as  prolidases,  OPAA  and 
AMPP  share  very  similar  features  of  substrate  recognition  and 
catalytic  mechanism.  The  one  prominent  difference  is  the  role  in 
the  tetrameric  AMPP  of  residue(s)  of  one  subunit  in  catalysis 
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occurring  at  an  adjacent  subunit,  which  naturally  does  not  occur 
in  the  monomeric  OPAA.  Seventh,  although  the  OPAA  structure 
differs  completely  from  that  of  the  bacterial  phosphotriesterase 
(PTE),  remarkably,  the  geometry  of  the  bimetallic  active  sites 
important  for  OPH  activity  is  conserved  in  both  enzymes.  Both 
enzymes  further  exhibit  very  similar  OP  substrate  stereoselectivi¬ 
ties  and  catalytic  mechanisms.  A  major  difference  is  the  mode  of 
binding  of  products  between  the  two  enzymes  (see  below). 
Eighth,  there  are  two  mechanisms  for  the  involvement  of  oxygen 
atom(s)  of  reaction  products  and  inhibitors  in  bridging  the  two 
metal  ions  in  prolidases  and  OPHs:  one  involving  a  single  oxygen 
atom  (as  seen  in  OPAA/AMPP  and  other  enzymes  with  the 
pita  bread  architecture)  and  the  other  requiring  two  oxygen 
atoms  (as  observed  in  PTE  and  other  enzymes  with  the  TIM 
barrel  motil).  The  one-oxygen  mechanism  is  more  prevalent  for 
products  with  three  atoms  coordinating  the  two  metal  ions, 
whereas  the  two-oxygen  bridging  mechanism  is  more  common 
for  products  with  no  more  than  two  oxygen  atoms  interacting 
with  the  bimetallic  center. 
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